Mutations in Cu/Zn superoxide dismutase (SOD1), a major cytosolic antioxidant enzyme in eukaryotic cells, have been reported in approximately 20% of familial amyotrophic lateral sclerosis (FALS) patients. Hereditary canine spinal muscular atrophy (HCSMA), a fatal inherited motor neuron disease in Brittany spaniels, shares many clinical and pathological features with human motor neuron disease, including FALS. The SOD1 coding region has been sequenced and cloned from several animal species, but not from the dog. We have mapped the chromosomal location, sequenced, and characterized the canine SOD1 gene. Extending this analysis, we have evaluated SOD1 as a candidate for HCSMA. The 462 bp SOD1 coding region in the dog encodes 153 amino acid residues and exhibits more than 83% and 79% sequence identity to other mammalian homologues at both the nucleotide and amino acid levels, respectively. The canine SOD1 gene maps to CFA31 close to syntenic group 13 on the radiation hybrid (RH) map in the vicinity of sodium myo/inositol transporter (SMIT) gene. The human orthologous SOD1 and SMIT genes have been localized on HSA 21q22.1 and HSA 21q21, respectively, confirming the conservation of synteny between dog syntenic group 13 and HSA 21. Direct sequencing of SOD1 cDNA from six dogs with HCSMA revealed no mutations. Northern analysis indicated no differences in steady-state levels of SOD1 mRNA.
Mutations in Cu/Zn superoxide dismutase (SOD1), a major cytosolic antioxidant enzyme in eukaryotic cells, have been reported in approximately 20% of familial amyotrophic lateral sclerosis (FALS) patients. Hereditary canine spinal muscular atrophy (HCSMA), a fatal inherited motor neuron disease in Brittany spaniels, shares many clinical and pathological features with human motor neuron disease, including FALS. The SOD1 coding region has been sequenced and cloned from several animal species, but not from the dog. We have mapped the chromosomal location, sequenced, and characterized the canine SOD1 gene. Extending this analysis, we have evaluated SOD1 as a candidate for HCSMA. The 462 bp SOD1 coding region in the dog encodes 153 amino acid residues and exhibits more than 83% and 79% sequence identity to other mammalian homologues at both the nucleotide and amino acid levels, respectively. The canine SOD1 gene maps to CFA31 close to syntenic group 13 on the radiation hybrid (RH) map in the vicinity of sodium myo/inositol transporter (SMIT) gene. The human orthologous SOD1 and SMIT genes have been localized on HSA 21q22.1 and HSA 21q21, respectively, confirming the conservation of synteny between dog syntenic group 13 and HSA 21. Direct sequencing of SOD1 cDNA from six dogs with HCSMA revealed no mutations. Northern analysis indicated no differences in steady-state levels of SOD1 mRNA.
Copper/zinc (Cu/Zn) superoxide dismutase (SOD1) is a cytosolic enzyme that catalyzes the conversion of the superoxide free radical (O 2 ) into O 2 and H 2 O 2 in eukaryotic cells ( Bannister et al. 1991; Fridovich 1986a) . SOD1 and other superoxide dismutases are key components of cellular antioxidant defense ( Fridovich 1986a; Halliwell 1992) . Missense mutations in the SOD1 gene are responsible for approximately 20% of familial amyotrophic lateral sclerosis ( FALS) cases (Orrell 2000) , a fatal human motor neuron disease characterized by muscle weakness and atrophy, and degeneration of the anterior horn cells and corticospinal tracts ( Hirano 1996) . Since the original reports Hirano et al. 1994; Pramatarova et al. 1994 Pramatarova et al. , 1995 Robberecht et al. 1994; Rosen et al. 1993) , more than 63 SOD1 mutations associated with amyotrophic lateral sclerosis (ALS) have been described (Orrell 2000) . Most are single missense mutations in exons 1, 2, 4, and 5 that collectively alter 18 different amino acids (Orrell 2000) . Data from various transgenic mice (Gurney et al. 1994) suggest that the SOD1 mutations are associated with a toxic function of the enzyme, rather than through loss or gain of SOD1 activity, although the exact mechanism is unknown.
Hereditary canine spinal muscular atrophy ( HCSMA) in Brittany spaniels is a well-characterized autosomal dominantly inherited motor neuron disease that shares many clinical and pathological features with human motor neuron disease, including ALS (Cork 1991; Cork et al. 1979 Cork et al. , 1980 Cork et al. , 1982a Cork et al. ,b, 1988 Cork et al. , 1990 Lorenz et al. 1979) . HCSMA is phenotypically similar to juvenile spinal muscular atrophy (SMA), but the mutations in the survival motor neuron gene reported for human SMA are not present in HCSMA ( Blazej et al. 1998) . HCSMA is characterized by progressive muscle weakness and atrophy, and motor neuron swellings filled with accumulations of misoriented extensively phosphorylated heavy neurofilament protein (Cork 1991; Cork et al. 1979 Cork et al. , 1980 Cork et al. , 1982a Cork et al. ,b, 1990 Hirano 1996; Lorenz et al. 1979; Mitsumoto 1994) . Homozygous pups develop disease by 6-8 weeks. Clinical signs rapidly progress to paralysis by 12-16 weeks of age. Most pups are euthanized by 6 months of age due to complications related to swallowing and breathing difficulties. Affected heterozygotes have a more slowly pro- gressive form of the disease with a later onset, at 6 months-2 years of age, and they may survive 7 years or longer (Cork et al. 1982a (Cork et al. , 1988 . Linkage analysis for this pedigree is not yet complete, and although we have recently excluded the canine heavy neurofilament gene as a candidate for HCSMA (Green SL, unpublished observation) , the genetic etiology of the disease in dogs is unresolved. The SOD1 coding region has been sequenced and cloned from several animal species, including the rat, rabbit, mouse, cow, pig, and horse, but not from the dog. Until now only the partial canine expressed sequence tag ( EST I) sequence for SOD1 has been available (GenBank accession number AW784326). Based on the function of SOD1, the evidence of oxidant stress injury in HCSMA (Green et al., 2001) , and the data implicating SOD1 as a cause of motor neuron disease in humans and transgenic mice, we considered the gene as a candidate for inherited canine motor neuron disease. We have mapped the chromosomal location, sequenced, and analyzed canine SOD1 from six healthy dogs and six HCSMA affected dogs.
Materials and Methods

Animals Used
Archival thoraco-lumbar spinal cord and spleen from six neurologically normal, mixed-breed control dogs (three adult dogs, three pups) and six dogs from the HCSMA kindred (three affected heterozygote adults, three homozygote pups) were used in this study. Animals were euthanized with an intravenous overdose of sodium pentobarbital and transcardially perfused with chilled 0.9% saline. Tissues were immediately collected after the saline perfusion and either frozen at Ϫ80ЊC or immersion fixed. Fixed tissues were processed in paraffin, sectioned, and stained with hematoxylin and eosin. The diagnosis of HCSMA was histologically confirmed by the presence of muscle atrophy, and by neuronal chromatolysis and axonal swellings filled with misoriented neurofilaments in the ventral horn of the spinal cord, as has been previously described (Cork 1991; Cork et al. 1979 Cork et al. , 1980 Cork et al. , 1982b Hirano 1996; Lorenz et al. 1979; Mitsumoto 1994) . Animal housing and procedures were performed according to the animal protocol approved for this study by the Stanford University Institutional Animal Care and Use Committee.
Isolation and Sequencing of Canine SOD1
Reverse transcription polymerase chain reaction (RT-PCR) was used to sequence the SOD1 cDNA from the normal dogs and HCSMA dogs described above. The forward primer, SOD1-IF ( Table 1) , is based on the canine SOD1 EST sequence (GenBank accession number AW784326; 72-89 bases). The reverse primer, SOD1-IVR ( Table 1), is based on the human SOD1 mRNA sequence (GenBank accession number K00065; 471-451 bases). Both primers contain the ATG start codon and the TAA stop codon. The total RNA was extracted from the spinal cord using the Ultraspec RNA Isolation System ( Biotecx, Houston, TX), according to the manufacturer's protocol. The total RNA was DNase treated with DNase I (Rnase-free) (Ambion, Inc., Austin, TX), as per the manufacturer's protocol. The DNase-free RNA was then reverse transcribed and PCR amplified using the SOD1 primers IF and IVR using the SuperScript one-step RT-PCR system (GIB-CO BRL, Rockville, MD).
The SuperScript one-step RT-PCR system consists of two major components: Superscript II RT/Taq mix and 2ϫ reaction mix (a buffer containing 0.4 mM of each dNTP, 2.4 mM MgSO 4 ). The RT/Taq mix contains a mixture of Superscript II reverse transcriptase and Taq DNA polymerase for optimal cDNA synthesis and PCR amplification. The 2ϫ reaction mix consists of a buffer system optimized for reverse transcription and PCR amplification, Mg 2ϩ optimized for universal use, deoxyribonucleotide triphosphates, and stabilizers. The RT-PCR conditions included ini- tial cDNA synthesis at 50ЊC for 30 min; denaturing at 94ЊC for 2 min; followed by amplification of the cDNA with specific primers, starting with denaturing at 94ЊC for 25 s, annealing at 55ЊC for 40 s, and extension at 72ЊC for 1 min. The PCR was repeated for 40 cycles, with a final extension at 72ЊC for 7 min. The PCR products were purified with the QIAEX II gel extraction kit (Qiagen, Valencia, CA) and the sequence was determined by the dideoxy Taq dye determination method at the Stanford University PAN Sequencing Facility. Automated sequencing of the entire SOD1 coding region was completed in a single run using primer SOD1-IF and primer SOD1-IVR ( Table 1) . Genomic DNA was isolated from three normal dog spleens for PCR to identify splice sites. The primers, as shown in Table 1 , were based on the SOD1 cDNA sequence from the normal dogs, as shown in Figure  1 . Taq DNA polymerase recombinant (GIB-CO BRL) was used for PCR and the conditions were 95ЊC for 4 min to completely denature the template, followed by 40 cycles of 94ЊC for 45 s, 50-55ЊC for 30 s, and 72ЊC for 1 min 20 s, and incubated for an additional 7 min at 72ЊC for the final extension. To screen for mutations in the SOD1 gene in HCSMA dogs, we sequenced the RT-PCR-generated SOD1 cDNAs from six individual HCSMA dogs (three affected adult heterozygotes and three homozygous pups) and six closely age-matched control dogs not related to this kindred (three normal adult dogs and three normal pups). Sequencing was performed on both strands using SOD1 primers IF and IVR ( Table 1) . Table 1 ) generated a 1106 bp fragment using genomic DNA from the normal dogs. This fragment encodes the third intron, which was used for positioning SOD1 on the canine RH map.
Positioning of the
Radiation Hybrid Typing
Amplification of the marker was tested using standard conditions on dog and hamster DNA and on a mixture (1:3) of dog and hamster DNA. Amplification was performed in 10 l reactions containing 50 ng DNA, 0.3 M of each primer, 200 M of each dNTP (Amersham Pharmacia Biotech, Buckinghamshire, England), 2 mM MgCl 2ϩ , 1ϫ AmpliTaq buffer, and 0.5 U AmpliTaq Gold (Perkin-Elmer, Boston, MA). PCRs were carried out in PTC-200 PCR machines (MJ Research, Waltham, MA) with the following program: 94ЊC for 8 min, followed by 40 cycles of 94ЊC for 30 s, 55ЊC for 45 s, 72ЊC for 1 min, and a final extension of 72ЊC for 7 min. The marker gave a 1 kb band on dog DNA and a 600 bp band on hamster DNA, allowing the typing of this marker on the radiation hybrid panel RHDF5000 ( Vignaux et al. 1999) using the above conditions. PCR products were loaded on 2% agarose gels and run in 0.5ϫ TBE containing EtBr at 130 V for 30 min. Products were visualized under ultraviolet light, images were recorded, and results were scored in terms of present, absent, or ambiguous in the 126 hybrid cell lines. The typing data were incorporated into the latest radiation hybrid map (Mellersh et al. 2000) using the Multimap package (Matise et al. 1994 ). More information on RH mapping can be found at http://www-recomgen.univ-rennes1.fr/doggy. html.
Northern Blot Analysis
Northern blot analysis was performed on the total RNA extracted from the lumbar spinal cord of six control dogs (three normal adult dogs and three normal pups) and six HCSMA dogs (three affected heterozygote adult dogs and three homozygote pups) and probed for SOD1 mRNAs. Ten micrograms of total RNA was electrophoresed on an 0.8% agarose-formaldehyde gel, transferred to nitrocellulose filter ( Hybond N; Amersham Pharmacia Biotech), and subsequently hybridized with SOD1 and actin RT-PCR-generated probes. The SOD1 probes ( Table 1) were based on the normal dog cDNA sequence ( Figure 1 ). SOD1-VF (nt 50-69), 5Ј GGA-GGGCACCATCCACTTC 3Ј, and SOD1-VR (nt 299-279), 5Ј GACACAATGGCCA-CGCCATC 3Ј, yielded a 310 bp product. This fragment was gene cleaned (QIAEX II, Qiagen, Valencia, CA) and labeled with ␣-32p dCTP (Amersham Pharmacia Biotech) Figure 2 . Alignment of the canine, human, and mouse nt sequence (A) and deduced amino acid ( B) sequences of SOD1. The stars indicate divergences in the sequences. The dash(es) allows for optimal alignment of the sequences.
using the random primer DNA labeling kit (GIBCO BRL). As an internal control, the relative abundance of actin was determined using mouse-specific RT-PCR-generated actin probes: actin forward primer (139-160), 5Ј CATGGCATTATCACCAAC 3Ј, and actin reverse primer (947-957), 5Ј GTGGACAGAGAGGCCAGG 3Ј, based on mouse mRNA sequence (GenBank accession number XO3767).
The Northern blot was hybridized under high-stringency conditions (42ЊC in 2ϫ SSC, 50% formamide, 10% dextran sulfate, 5ϫ Denhardt's reagent, 1% SDS, salmon sperm DNA) for 18 h. The hybridized filter was washed twice in 4ϫ SSC, 0.1% SDS and twice in 2ϫ SSC, 0.1% SDS at 55ЊC for 1 h. The filter was exposed to autoradiographic film ( Hyperfilm MP; Amersham Pharmacia Biotech). The film was scanned using AGFA scanner (Arcus II). The bands were quantitated using NIH Image version 1.62.
Results
Sequence and Analysis of Canine SOD1
The canine SOD1 cDNA coding region is 462 nts long, encoding a deduced 153 amino acid protein ( Figure 1) . The intron/ exon boundaries are indicated in Figure 1 and characterized in Table 2 . While SOD1 nt and amino acid sequences are highly conserved between the species, canine SOD1 shares the greatest nt similarity with bovine and equine SOD1 (93% and 90%, respectively) ( Table 3) . Canine, human, and mouse SOD1 share more than 83% and 79% similarity at the nt and amino acid levels, respectively ( Figure 2 ). Comparing the deduced amino acid sequence of canine SOD1 with human and mouse SOD1 ( Figure 2) shows that the variability is in the regions of ␤ strands 2 and 3, the active site loop between ␤ strands 4 and 5, and within the Greek key loop IV.
Position of Canine SOD1 on the Radiation Hybrid Map
The canine SOD1 gene was mapped on the RHDF5000 dog/hamster radiation hybrid panel ( Vignaux et al. 1999 ) using the last RH map version (Mellersh et al. 2000) . It is linked to CFA31 ( Breen et al. 2001) close to syntenic group 13 and near FH2239, in the region of the SMIT gene ( Figure 3) .
Analysis of SOD1 in Dogs with Motor
Neuron Disease cDNA and genomic ( Fridovich 1986a,b) sequences from control dogs and HCSMA dogs were compared to identify polymorphisms. There were no nt or amino acid differences between control and HCSMA dogs. The amino acid residues where missense mutations have been reported in FALS (Orrell 2000) were conserved in the dogs except in codons 21 and 90. Divergences in these two codons resulted in an amino acid change and the substitution of a V in the canine sequence where an E is present in the human sequence at codon 21, and substitution of a G in the canine sequence where a D is present in the human codon 90. No other mutations were detected in dogs with HCSMA. Steadystate SOD1 mRNA expression levels were identical in all dogs (data not shown), the relative abundance of actin was equal in all cases.
Discussion
Canine SOD1 shares high sequence identity with other mammalian SOD1, and the variable regions we describe in canine SOD1 are consistent with variable regions described in other mammalian SOD1 ( Ban- Figure 3 . Localization of the canine SOD1 gene on the syntenic group 13 of the latest canine RH map (Mellersh et al. 2000) . The linkage map is indicated on the right and the comprehensive RH map on the left. Microsatellites are indicated in normal case, genes in italics, and SOD1 is underlined. The localizations of the human orthologous genes are indicated on the right. Distances are given in centiMorgans for the genetic linkage map and in cR5000 for the RH map. nister et al. 1991) . The divergences at canine codons 21 and 90 which resulted in amino acid substitutions are not associated with canine motor neuron disease, though mutations at these codons have been reported in ALS (Andersen et al. 1996 (Andersen et al. , 1997 Jones et al. 1995; Morita et al. 1998) . Our mapping data positioning the canine SOD1 gene on CFA31 ( Breen et al. 2001 ) near syntenic group 13 confirms conservation of synteny between dog syntenic group 13 and HSA 21. Human SOD1 spans 11 kb on chromosome 21 and encodes the homodimeric enzyme of approximately 16 kDa and 153 amino acids per subunit ( Levanon et al. 1985) . The orthologous human SMIT gene is localized on chromosome 21q21, which is in perfect accordance with the localization of the human orthologous SOD1 gene (21q22.1). Lastly, the data provided from direct sequencing of SOD1 cDNA and northern analysis of mRNA in the six HCSMA affected dogs indicate that mutations in the SOD1 gene are not the underlying genetic defect in these individuals. Given the limited number of animals examined, SOD1 cannot definitively be ruled out as the underlying genetic defect in the HCSMA colony. However, in the six HCSMA dogs studied here, other candidate genes, perhaps some not yet considered in human motor neuron disease, should be investigated.
